Gynura bicolor DC. is a traditional vegetable in Japan and its leaves are characterized by the fact that their adaxial and abaxial sides are green and reddish purple, respectively. Two novel poly-acylated anthocyanins (bicolnin and bicolmalonin) and a known one (rubrocinerarin) were isolated from the leaves of G. bicolor as major anthocyanins. These anthocyanins were identified to be cyanidin 3
Introduction
Gynura bicolor DC., a perennial plant belonging to the Asteraceae family, is native to the tropics of East Asia. In Japan, it is commercially cultivated as a traditional vegetable in Kumamoto, Ishikawa and Okinawa Prefectures, and is called "Suizenjina", "Kinjiso" or "Handama" in the respective prefectures. Fresh young leaves are eaten as boiled salad with soy sauce dressing or cooked as tempura (Hayashi et al., 2002b) . Its leaves are obovate to oblanceolate with irregularly serrate margins, and have a good flavor (Tanaka, 1976) . The adaxial side of G. bicolor leaves is green and the abaxial side is reddish purple, which is the major characteristic of G. bicolor. Some new food products are being developed that take advantage of this reddish purple color (Hayashi et al., 2002b; 2005a) . Recent studies revealed that G. bicolor has high antioxidative activity (Maeda, 2006) and apoptosisinducing activity on HL60 human leukemic cells (Hayashi et al., 2002a) . For such health-related properties, it is expected to find wide use as a health food material.
The reddish purple color of the abaxial side of G. bicolor leaves is considered to be derived from a mixture of anthocyanins by HPLC and MS analyses (Hayashi et al., 2005b; Numajiri and Yoshitama, 2001 ). The major component among them has already been found to be rubrocinerarin, a poly-acylated anthocyanin (Yoshitama et al., 1994) . However, the other anthocyanins have not yet been identified. Given the potential of G. bicolor anthocyanins as a promising coloring substance, we have isolated and purified two novel poly-acylated anthocyanins from G. bicolor leaves and elucidated their chemical structures by MS and NMR spectroscopy. Although Yoshitama et al. (1994) had already identified G. bicolor rubrocinerarin in their previous study, they reported only min at 30℃. The solvent linear gradient condition was 18% to 25% of acetonitrile in 20 min. The detection method was visible absorption at 535 nm. A typical HPLC chromatogram profile of a crude extract of G. bicolor is shown in Fig. 1 .
Extraction and isolation of anthocyanins Fresh G. bicolor leaves (ca. 10 kg) were cut into pieces (ca. 5 × 5 mm) and immersed in 0.5% H 2 SO 4 (30 L) at room temperature overnight. The crude extract was filtered, and applied to a Diaion HP-20 column (60 mm i.d. × 350 mm; Mitsubishi Chemical Co., Ltd., Tokyo, Japan). The column was washed with water (2 L) and eluted with 90% EtOH (1 L). TFA was added to the eluate at a final concentration of 0.1%. The eluate was concentrated in vacuo and then separated into three major fractions by a YMC GEL ODS-A column (50 mm i.d. × 350 mm; YMC Co., Ltd., Kyoto, Japan), using 1% acetic acid:acetonitrile (85:15, 5 L). The resultant three fractions were analyzed by HPLC to show that the first (ca. 200 mg), second (ca. 300 mg) and third (ca. 120 mg) fractions were rich in 1, 2 and 3, respectively. The first fraction was purified by preparative HPLC at room temperature on a Develosil C30-UG-5 column (20 mm i.d. × 250 mm) by isocratic elution with 0.5% acetic acid:acetonitrile (82:18), at a flow rate of 10 mL/min to yield 1 (20.4 mg). Compound 2 (140.5 mg) and 3 (32.5 mg) were obtained from the second and third fractions, respectively, by column chromatography on a Toyopearl HW-40F column (60 mm i.d. × 100 mm; Tosoh Co., Ltd., Tokyo, Japan) eluted by 0.1% acetic acid:acetonitrile (85:15). Separation experiments were performed in duplicate.
Compound 1 (named bicolnin) UV-VIS λ max (0.1% HClmethanol): 537 nm (no bathochromic shift with AlCl 3 ), 326 nm, 290 nm; E 440 /E vis max =E 440 /E 537 =24%; E 326 /E 537 =138%, E 290 /E 537 =164%; MS (ESI) m/z 1421; molar absorptivity: ε 537 =24500, ε 326 =35000, ε 290 =41500; 1 H-and 13 C-NMR data:
see Tables 1 and 2 . Tables 1 and 2 . Acid hydrolysis of anthocyanins and analysis of sugar moieties Compounds 1 to 3 (10 mg) were each hydrolyzed in 2 M HCl (5 mL) at 90℃ for 2 h. Each reaction mixture It is widely known that active oxygen or free radical species cause oxidative damage to fat, protein and DNA in the human body, which brings about lifestyle-related diseases such as hypertension, diabetes and arteriosclerosis. Anthocyanins are known to have a variety of physiological activities by acting as a free radical scavenger (Tsuda et al., 2009) . In the present study, we therefore evaluated the antioxidative activities of three isolated anthocyanins using 1,1-diphenyl-2-picrylhydrazyl (DPPH) and oxygen radical absorbance capacity (ORAC) assays.
Materials and Methods
Plant material and chemical reagents Gynura bicolor was cultivated for 10 months in a greenhouse of San-Ei Gen F. F. I., Inc., in Japan. Chemical reagents (Wako Pure Chemical Industries, Ltd., Osaka, Japan; Kishida Chemical Co., Ltd., Osaka, Japan) of analytical or HPLC grade were employed. Deionized water was used in all experiments.
Spectroscopic measurements UV-visible absorption spectra (200-700 nm) of samples in 0.1% HCl-MeOH were recorded by a V-560 spectrophotometer (JASCO Co., Ltd., Tokyo, Japan). The bathochromic shift test on the visible maximum absorption was performed by adding 5% AlCl 3 -MeOH. MS analysis was carried out with a Waters Alliance LC-MS system (2695 separations module HPLC system equipped with a ZQ mass spectrometer and a 2998 photodiode array detector; Waters, MA, USA) and a Develosil C30-UG-5 (2.0 mm i.d. × 150 mm; Nomura Chemical Co., Ltd., Aichi, Japan). Detection was by positive-mode electrospray ionization (ESI). The cone voltage (20 V) and capillary voltage (4.0 kV) were applied, and the flow rate of ESI nebulizing gas (N 2 ) was 10 L/min. The LC part of the system was performed with 1% HCOOH and acetonitrile under the following gradient conditions: 0-40 min, a liner gradient from 0% to 30% of acetonitrile; 40-45 min, a liner gradient from 30% to 60% of acetonitrile; 45-50 min, a liner gradient from 60% to 100% of acetonitrile at a flow rate of 0.2 mL/ min, detected at photodiode array. HPLC analysis of anthocyanins Anthocyanins in the 0.5% H 2 SO 4 extract and the three chromatographic fractions, as well as the three isolated compounds (1 to 3, numbered according to elution order) were analyzed using a threedimensional HPLC system (MD-2010 equipped with a multiwavelength detector; JASCO). The column was a Develosil C30-UG-5 (4.6 mm i.d. × 250 mm) with 1% HCOOH and acetonitrile under gradient elution at a flow rate of 1.0 mL/ Poly-Acylated Anthocyanins from Gynura bicolor 
Results and Discussion
Structural elucidation of anthocyanins G. bicolor leaves were extracted with 0.5% H 2 SO 4 , and it was estimated that the extracts contained three major anthocyanins (numbered according to elution order, 1 to 3) by HPLC analysis (Fig. 1) . These three compounds were isolated and purified from crude extract using HP-20 chromatography, ODS chromatography, HW-40F chromatography and preparative HPLC to give three pure compounds. Each compound was was adjusted to a neutral pH with 2 M NaOH, and then sugar moieties were analyzed by high-performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) analysis (Saito et al., 2008; Garna et al., 2004 ) using a Dionex DX-500 (Antec Leyden, Zoeterwoude, Netherlands) with a CarboPac PA1 column (4.0 mm i.d. × 250 mm; Antec Leyden). The LC part of the system was performed under following conditions: 0-20 min, an isocratic elution of 10 mM NaOH; 20-30 min, a liner gradient from 10 to 100 mM of NaOH; 30-50 min, an isocratic elution of 100 mM NaOH and a liner gradient from 0 to 150 mM of CH 3 COONa at a flow rate of 1.0 mL/min at 30℃.
DPPH assay For DPPH analysis, a modification of the method of Kano et al. (2005) was applied. Briefly, 50% ethanol solution (1 mL) of each sample (1 to 3, (-)-epigallocatechin gallate, 5 μM; cyanidin 3-glucoside, caffeic acid, sinapic acid, chlorogenic acid, L-ascorbic acid, ferulic acid, 10 μM; p-coumaric acid, 50 μM; malonic acid, 200 μM) was added to 200 mM 2-morpholinoethanesulphonic acid buffer (pH 6.0, 1 mL) and 0.2 mM DPPH in ethanol (1 mL) in a test tube and kept for 20 min at room temperature in the dark. Absorbance at 517 nm by DPPH was measured by V-560 spectrophotometer (JASCO). DPPH radical-scavenging activity of the sample was calculated as mol Trolox equivalent per mol (mol TE/mol), because Trolox is a stable antioxidant and is widely used as an index of antioxidative activity.
ORAC assay For ORAC analysis, the procedure developed by Huang et al. (2002) and Stintzing et al. (2002) was applied. Briefly, a sample was dissolved directly in an acetone/water mixture (50:50, v/v) and diluted with 75 mM moieties take on the β-configuration. The HMBC spectrum revealed long-range correlations from Glc-A H-1 (δ H 4.93) to cyanidin C-3′ (δ C 146.9), from Glc-B H-1 (δ H 4.79) to cyanidin C-3 (δ C 147.3), from Glc-C H-1 (δ H 5.39) to cyanidin C-7 (δ C 167.7) and from Glc-D H-1 (δ H 4.67) to caffeoyl-I C-4 (δ C 148.7), indicating that Glc-A, -B and -C are connected to C-3′, C-3 and C-7 of cyanidin, respectively, and that Glc-D is bonded to caffeoyl-I C- , suggesting that 1 has caffeoyl and glucosyl groups. The mass spectral data provided additional evidence for structure identification by NMR spectra. From these results, 1 was identified as cyanidin 3 to malonyl CO (δ C 168.2) and from Glc-B H-6 (δ H 4.62) to malonyl CO (δ C 169.0), from Glc-A H-6 (δ H 4.00, 5.14) to caffeoyl-III CO (δ C 168.1), from Glc-C H-6 (δ H 4.10, 5.08) to caffeoyl-I CO (δ C 168.1), from 4.66) to caffeoyl-II CO (δ C 168.6) found in the HMBC data suggest acylation at OH-6 of Glc-A, -C and -D, as found for 1 and 2, a connection of the two malonyl groups to Glc-B C-4 and C-6. All sugar moieties were confirmed as glucopyranose by HPAEC-PAD analysis, as for 1 and 2. The mass spectrum of 3 had a strong molecular ion peak at m/z 1593 and its fragment ion peak was detected at m/z 1507. It could be assigned to [M+H-malonyl] + . From these results, 3 was identified as Fig. 2 . We named this anthocyanin bicolmalonin. In a previous study, NMR spectral data of rubrocinerarin were partially reported (Yoshitama et al., 1994) . In the present study, we report the detailed 1 H-and 13 C-NMR spectral data of rubrocinerarin (Tables 1 and 2 ). Furthermore, we identified two novel anthocyanins, 1 (bicolnin) and 3 (bicolmalonin) in G. bicolor leaves. Antioxidative activity We evaluated the antioxidative activities of poly-acylated anthocyanins 1 to 3 isolated from G. bicolor using DPPH and ORAC assays (Fig. 3) . All three anthocyanins 1 to 3 exhibited very high antioxidative activity compared to cyanidin 3-glucoside, L-ascorbic acid and various organic acids. The antioxidative activities of these anthocyanins of G. bicolor had the same level, suggesting that the number of malonic acids in their anthocyanin structures do not affect their antioxidative activity. As shown in Fig. 2, 1 to 3 were poly-acylated anthocyanins with three caffeic acids, which were considered to contribute to their high antioxidative activities.
Previous studies reported that G. bicolor had higher antioxidative activity than other vegetables (Hayashi et al., 2002b) . In the present study, we showed that anthocyanins present in G. bicolor also had high antioxidative activities in themselves. Some studies suggested that anthocyanins were effective at preventing obesity (Tsuda et al., 2003) , hypertension (Toyoshi and Kohda, 2004) , diabetes (Sasaki et al., 2007) , colon cancer (Hagiwara et al., 2001 ) and breast cancer (Fukamachi et al., 2008) . The antioxidative activities of anthocyanins were considered to play a certain role in the prevention of these diseases. Consequently, G. bicolor anthocyanins may be promising coloring matter with high antioxidative activity, as they might impart both color and additional functionality to commercial food products. .5) were also detected in addition to those in 1. The signal at δ C 41.6 ppm was assigned to the methylene carbon of a malonyl group, but no cross peak was observed between the methylene carbon and its directly-attached protons. The 1 H-NMR spectrum was also very similar to that of 1. One additional signal at δ H 3.30 ppm was assigned to the two methylene protons of the malonyl group. However, the integrated area of the signal was smaller than that estimated for the contribution of the two protons, suggesting that the malonyl group undergoes deuterium substitution in solution.
A long-range correlation from Glc-A H-6 (δ H 3.96, 5.11) to caffeoyl-III CO (δ C 168.1), from Glc-C H-6 (δ H 4.06, 5.07) to caffeoyl-I CO (δ C 168.0), from Glc-D H-6 (δ H 4.15, 4.60) to caffeoyl-II CO (δ C 168.5) and from Glc-B H-6 (2H, δ H 4.61) to malonyl CO (δ C 169.2) found in the HMBC spectrum, suggesting acylation at OH-6 of Glc-A, -C and -D, and a connection of the malonyl group to Glc-B C-6. All sugar moieties were confirmed as glucopyranose by HPAEC-PAD analysis, as mentioned in the hydrolysis of 1. The mass spectrum of 2 had a strong molecular ion peak at m/z 1507 and its fragment ion peak was detected at m/z 1421. It could be assigned to [M+H-malonyl] + . From these results, 2 was Fig. 2 . The 13 C-NMR spectrum of 3 was very similar to those of 1 and 2, and 65 signals were recorded. HMQC analysis resolved seven doubly-overlapped signals at δ C 168. 1, 116.8, 115.3, 115.2, 74.3, 72 .9 and 42.0 ppm, and revealed that 3 contains 72 carbons, which were divided into six methylenes, 41 methines and 25 quaternary carbons. Two quaternary carbon signals (δ C 169.0, 170.5) and one methylene carbon signal (δ C 42.0) were detected in addition to those in 2. The 1 H-NMR spectrum of 3 was also very similar to those of 1 and 2. A signal at δ H 3.62 ppm was assigned to the four methylene protons of the two malonyl groups. However, the integrated area of the signal was smaller than that estimated for the contribution of the four protons, suggesting that the malonyl groups undergo deuterium substitution in solution. Long-range correlations from Glc-B H-4 (δ H 5.15) Antioxidant activity (mol TE/mol)
A. Data are mean±SE values from three experiments. C3G, cyanidin 3-glucoside; AsA, L-ascorbic acid; Caf, caffeic acid; Mal, malonic acid; Sin, sinapic acid; Fer, ferulic acid; pC, p-coumaric acid; Chl, chlorogenic acid; EGCG, (-)-epigallocatechin gallate.
